Abstract Oxidative stress has been associated with a number of human fibrotic diseases, including idiopathic pulmonary fibrosis (IPF). Oxidative stress is most often defined as an imbalance between the generation of reactive oxygen species (ROS) in excess of the capacity of cells/ tissues to detoxify or scavenge them. Additionally, the regulated production of ROS participates in cellular signaling. Therapeutic strategies to treat IPF have, thus far, focused on augmenting anti-oxidant capacity. Recent studies have demonstrated a critical role for ROS-generating enzymatic systems, specifically, NADPH oxidase (NOX) family oxidoreductases in fibrotic processes. In this review, we examine the evidence for NOX isoforms in the generation and perpetuation of fibrosis, and the potential to target this gene family for the treatment of IPF and related fibrotic disorders.
Introduction
Fibrosis of the lung is best characterized as a process by which cellular homeostasis within the terminal gasexchanging regions-known as alveoli-is altered. There is an expansion in mesenchymal elements, including myofibroblasts, with exuberant extracellular matrix deposition and tissue contraction, while the overlying epithelium is in a state of dysrepair characterized by proliferation, apoptosis, and aberrant differentiation of alveolar type 2 cells. This loss of cellular homeostasis in idiopathic pulmonary fibrosis (IPF) lungs is manifested by accumulating clusters of myofibroblasts (fibroblastic foci) within architecturally remodeled alveolar units; these fibroblastic foci are a key pathological hallmark of IPF. Studies in IPF patients support a link between the abundance of fibroblastic foci in lung biopsies and decreased survival [24] . Lung fibrosis is typically the result of a dysregulated tissue repair response to injury of the alveolar epithelium and/or capillary endothelium; thus, injurious agents that are air-borne or bloodborne, respectively, have the potential to cause lung fibrosis. Fibrosis can result from a variety of acute lung injuries, such as in adult respiratory distress syndrome (ARDS), as well as from chronic inorganic/organic dust exposures, such as in asbestosis or hypersensitivity pneumonitis. A particularly enigmatic form of lung fibrosis is IPF, a fatal lung disease that has not been linked to any single etiological agent. IPF is the most common of interstitial lung diseases, and affects more than 100,000 people in the United States and over 5 million worldwide. The median survival rate for IPF patients is less than 3 years [1] , and there are currently no effective therapies that have been shown to influence survival [16] . There are currently no FDA-approved antifibrotic drugs; there is an urgent need to identify effective anti-fibrotic agents for IPF and other fibrotic diseases.
Concepts regarding the pathogenesis of IPF have evolved over the past several years from a process of chronic inflammation, to aberrant wound healing, to a degenerative disease of aging [16] . The pathogenesis of IPF was originally thought to be due to chronic inflammation and reactive oxygen species (ROS)-mediated epithelial cell injury ( [8, 14] ). However, the role of inflammation in IPF is controversial; Selman et al. [45] has raised the concept that inflammation is a secondary event in the pathogenesis and that IPF may represent an aberrant wound-healing response based on the following observations: (1) limited evidence suggesting that inflammation is prominent in early disease; (2) animal studies have demonstrated that inflammation is not necessary to induce fibrosis; (3) inflammation is not a prominent histopathologic feature and clinical indices typically used to denote inflammation were absent in the lungs of IPF patients; and (4) anti-inflammatory and immunemodulating treatment strategies offered little, if any, benefit to patients with fibrotic disorders. More recent concepts have focused on the possibility that IPF may represent a degenerative disease of aging; studies of familial and sporadic cases of IPF have been associated with telomere shortening [3, 13, 55] , supporting the concept that IPF may represent an age-related degenerative disease process [53] . The cause(s) for the shortened telomeres in IPF patients without mutations in telomerase is currently unknown; however, oxidative stress represents one potential mechanism. The role of oxidative stress in fibrosis and aging are well recognized [25] , as there is a substantial and growing body of evidence indicating that oxidative stress plays an important role in the pathological development of lung fibrosis as well as fibrosis in multiple organ systems [25] . However, mechanisms of ROS in cellular senescence, impaired epithelial regeneration, lung aging, and fibrosis are not well understood.
Oxidative stress in pulmonary fibrosis ROS function in normal physiological cellular signaling and regulation, whereas ROS accumulation can lead to deleterious biological consequences. Oxidative stress is defined as an imbalance of the generation of ROS in excess of the capacity of cells/tissues to detoxify or scavenge them. Such a state of oxidative stress may alter the structure/ function of cellular macromolecules that eventually leads to tissue/organ dysfunction. Recent studies implicate oxidative stress as a key mediator in the pathogenesis of IPF. Lung tissues from IPF patients demonstrate ''signatures'' of chronic oxidative damage [27] [28] [29] . Bronchoalveolar lavage fluid (BALF) isolated from IPF patients demonstrate elevated levels of oxidative damaged of proteins [32, 35] . Oxidative changes within the lung may provide a positivefeedback mechanism for perpetuating a pro-fibrotic tissue microenvironment by mediating various cellular behaviors that influence tissue homeostasis and the outcome of repair/ regeneration [16] .
Oxidative stress can influence cellular phenotypes and fates that may favor fibrosis over regeneration. For example, stimulation with varying concentrations of exogenous H 2 O 2 determines whether senescence or apoptosis ensues [11] . Exposure to chronic sub-lethal ROS levels results in stress-induced premature senescence of fibroblasts [54] . Treatment with the small molecule antioxidant, N-acetylcysteine (NAC) has been demonstrated to reverse p21-induced growth arrest, indicating that elevated ROS may play a causative role in cellular senescence [34] . Fibroblasts acquire an apoptosis-resistant phenotype as a consequence of senescence, whereas senescent endothelial cells appear more susceptible to apoptosis [19, 20] . Extracellular generation of H 2 O 2 by lung myofibroblasts may mediate fibrogenic effects in tissues by inducing epithelial cell apoptosis by a paracrine mechanism [57] or by inducing matrix crosslinking reactions in the presence of extracellular heme peroxidases [31] . Although the role of oxidative stress in fibrosis and aging are recognized [25] , the precise cellular sources(s) of ROS/RNS that contribute to the disease pathogenesis remain incompletely understood; likewise, the ability to specifically and effectively target key mediators of this process remains challenging.
NOX enzymes as a major source of oxidative stress in fibrosis
The pathogenesis of IPF has been linked to oxidative stress, and recent evidence has implicated reactive oxygen species (ROS)-generating NADPH oxidase (NOX) enzymes in pulmonary fibrosis. NOX isoforms that have been reported to contribute to tissue fibrosis include NOX1 [2, 37, 48, 59] and NOX2 [33, 37, 41, 48, 60] , and NOX4 [4, 9, 21] . In addition to NOX enzymes, another potential source of ROS implicated in fibrosis is mitochondria [39] , although the relative contributions and cooperation between mitochondrial ROS and NOX enzymes localized to the mitochondria have not been elucidated [26] . In this review, we focus our discussion on NOX enzymes as emerging therapeutic targets for IPF.
Epithelial and endothelial cells
Epithelial cell death is a prominent feature of the IPF lung [52] . During acute lung injury in mice, NOX1-mediated ROS generation by endothelial and endothelial cells has been shown to induce cell death [10] . In the lungs of IPF patients, expression of NOX4 has been demonstrated in hyperplastic alveolar type II cells [4] . A recent study demonstrates an essential role for NOX4 in mediating fibrogenic effects through alveolar epithelial cell death [9] . NOX4-deficient mice are protected from bleomycininduced pulmonary fibrosis through modulation of epithelial cell death in vivo; wild-type mice evaluated 1 week following bleomycin injury showed significant epithelial cell apoptosis, whereas NOX4-deficient mice demonstrated significant protection from epithelial apoptosis. Additionally, NOX4-deficient primary alveolar epithelial cells and/or treatment with NOX inhibitors (fulvene-5, a compound that inhibits NOX4/2; and GK136901, a NOX1/4 inhibitor) led to decreased TGF-b1-mediated ROS generation and protection from apoptosis [9] . Finally, this study demonstrates that NOX4-deficient mice exhibited no significant alterations in inflammatory mediators (MIP1a, RANTES, MIP-2, TNF, IL-10, and IFNc) following bleomycin lung injury, suggesting that NOX4 does not contribute to the pathogenesis of fibrosis through modulation of inflammation [9] .
Epithelial-to-mesenchymal transition (EMT) is a process by which cells lose epithelial markers/phenotype and acquire mesenchymal characteristics. Studies in animal models support a role for EMT in contributing to the accumulation of fibroblasts in lung fibrosis [23, 51] . However, the role and significance of EMT in the pathogenesis of human IPF remain unclear. The molecular mechanisms and cellular phenotypes/fates of epithelial cells with apparent expanded cellular plasticity during fibrogenesis warrants further investigation. Although studies support a role for ROS-mediated EMT [7, 44] , the role of NOX enzymes in mediating EMT or affecting epithelial cell plasticity has not been determined.
Mesenchymal and smooth muscle cells
In IPF, there is a loss of cellular homeostasis within the alveolar wall, and there is clearly an expansion of mesenchymal cells within the interstitium with more discrete areas of assembled bundles of muscle-like cells within so-called fibroblast foci, a typical feature of usual interstitial pneumonia (UIP), the histopathological hallmark of IPF. These muscle-like cells have been characterized as myofibroblasts, and their contractile activities contribute to alveolar collapse and the associated restrictive physiology, reduced lung compliance, and gas-exchange abnormalities characteristic of IPF. Adjacent to fibroblastic foci, alveolar epithelial cells appear to be in a state of dysrepair with spatially disorganized areas of rapid proliferation and apoptosis, suggesting a possible defect in differentiation of the alveolar epithelium. Whether the ineffective epithelial regeneration drives myofibroblast activation or whether it is the unrestrained mesenchymal activation that impairs re-epithelialization is not entirely clear. Persistent myofibroblast differentiation/ survival appears to play a central role in the pathogenesis of IPF. Thus, targeting the activated/contractile myofibroblast phenotype represents a promising new strategy for developing therapeutic interventions for IPF.
The NOX4 isoform has been implicated in fibrogenesis by studies in the kidney [5, 41, 50, 60] , invascular remodeling/fibrosis associated with chronic hypertension [2] , in the heart [22, 48] , and in the pancreas [38] . More recently, a specific role for NOX4 in mediating myofibroblast functions in lung fibrosis has been identified; mRNA expression of NOX4 was found to be induced by the pro-fibrotic cytokine, transforming growth factor-b1 (TGF-b1), while other NOX/DUOX isoforms were unaffected [21] . NOX4-dependent generation of ROS (specifically, H 2 O 2 ) was found to be required for TGF-b1-induced myofibroblast differentiation, extracellular matrix generation, and contractility of lung myofibroblasts. Genetic or pharmacologic targeting of NOX4 attenuated lung fibrogenesis in two different murine models of lung injury [21] . Other studies demonstrate that NOX4 is expressed in lung fibroblasts from patients diagnosed with IPF [4] .
Patients diagnosed with IPF frequently acquire secondary pulmonary hypertension and subsequent vascular lesions [12, 43] . Although treatment for pulmonary hypertension could improve functional outcomes and survival of IPF patients, available treatments including longterm supplemental oxygen and targeted vascular therapy remain unproven. It was recently demonstrated that NOX4 is expressed in thickened pulmonary arteries of IPF patients [42] . Therapeutic targeting of NOX4 could potentially inhibit hypoxia-induced vascular remodeling that leads to pulmonary hypertension [40] . Together, these studies suggest that NOX4 and related isoforms may be expressed and activated in different cells of the alveolar and vascular wall and contribute in different ways to fibrogenic processes (Fig. 1) .
There is evidence for significant crosstalk between the renin-angiotensin-aldosterone system and TGF-b1 in organ fibrosis [56, 61] . This effect is, at least in part, mediated by induction/activation of NOX1, NOX2, and/or NOX4 [2, 5, 48, 50, 59, 60] . Therefore, strategies aimed at specifically blocking the source of ROS (i.e., ''targeted'' anti-oxidative therapy) through inhibition of NOX family NADPH oxidases, may prove to be more effective as anti-fibrotic therapies.
Inflammatory cells
Studies in human subjects with IPF have demonstrated enhanced generation of ROS from alveolar inflammatory cells, primarily neutrophils and macrophages, which may promote alveolar epithelial cell injury [8, 49] . The evidence for NOX2 in lung fibrosis comes primarily from animal models that show protection from lung injury induced by bleomycin [36] or carbon nanotubes [47] in mice with a genetic deficiency of NOX2. A p47 phox -dependent NOX isoform is required for the development of pulmonary fibrosis in a murine lung injury model; the protection in p47 phox-/-mice was accompanied by enhanced neutrophilic inflammation and matrix metalloproteinase (MMP)-9 activity [36] . Interestingly, neutrophils from BALF isolated from IPF patients exhibit elevated expression of p47phox and p67phox [58] , supporting a potential role for the NOX2 isoform in this disease.
Targeting NOX enzymes in anti-fibrotic strategies Although accumulating data support the concept that NOX enzymes play critical roles in fibrogenesis, no specific NOX inhibitors have been identified or tested in animal models. However, anti-oxidant strategies with NAC have shown some potential benefits [15] . NAC is thought to exert its function as an antioxidant via its main metabolite, cysteine, a precursor of glutathione (GSH) biosynthesis. The anti-fibrotic effects of NAC have been documented in animal models of lung fibrosis; administration of NAC in rodents led to increased levels of lung GSH in control animals and following bleomycin-induced lung injury [17] . Preventative therapy with NAC enhanced lung GSH content and decreased collagen accumulation following bleomycin administration [18, 46] . These preclinical efficacy studies led to clinical development of NAC, in which NAC therapy demonstrated clinical efficacy in IPF patients, and is one of the few phase III trials to meet the pre-determined primary end-point of the study [15] . In this randomized, placebo-controlled clinical trial (IFIGENIA), patients were treated with a high dose of the anti-oxidant NAC (600 mg three times daily) in addition to the standard treatment regimen (prednisone, azathioprine). The study suggested that the addition of NAC to the conventional therapy significantly slowed lung function decline after 1 year, as demonstrated by preservation of forced vital capacity (FVC) and diffusing capacity for carbon monoxide (DLCO) in the NAC-treated group. However, the study showed no significant effect on survival as compared to conventional therapy alone [15] . Another study sponsored by the US National Institutes of Health (www. clinicaltrials.gov; NCT00650091: PANTHER), is currently active and will evaluate the effectiveness of NAC vs. placebo. Despite limitations of the IFIGENIA clinical trial, the development of therapeutic strategies targeting oxidative stress pathways remains promising.
Therapeutic strategies that more directly target the source(s) of ROS generation, including pharmacological inhibitors of specific NOX isoforms, may prove to be more specific and effective in comparison to antioxidant interventions for IPF. Which isoforms are most optimal drug targets for the treatment of this disease remains uncertain; it is likely that specific NOX isoforms are regulated in a spatio-temporal and cell-specific manner during the course of the inflammatory and repair response to lung injury. Several groups have utilized high-throughput screening approaches to discover small-molecule inhibitors targeting NOX enzymes [6, 30] . GenKyoTex (Geneva, Switzerland) has recently identified a candidate drug for pulmonary fibrosis (GKT137831); a small-molecule NOX4/NOX1 dual inhibitor. GKT137831 demonstrates strong antifibrotic activity at low dose with much better efficacy than pirfenidone in curative model of bleomycin-induced pulmonary fibrosis in mice, as reported by the company's Web site (http://www.genkyotex.com/index.php?rubID=39 ; accessed 2011-08-28). In 2010, GKT137831 was granted orphan drug status for the treatment of IPF by the European 
